(7.5 kW·kg -1 ) at 3.0 V with excellent cycling stability. Moreover, flexible all solid-state supercapacitors were fabricated using PYR14TFSI-based polymer electrolyte, exhibiting maximum energy density of 21 Wh·kg -1 and maximum power density of 8 kW·kg -1 normalized by total active material.
INTRODUCTION
Supercapacitors (SCs) are energy storage devices with high power density and excellent cycling stability, and hence have drawn extensive attention in the past two decades. To rival with devices based on chemical storage mechanisms, SCs need to be improved in terms of energy density. The simple equation, E = 1 2 ⁄ CV 2 , captures the two mechanisms to increase energy density (E) through increases in the capacitances of the active materials or augmenting the voltage window of the electrolyte.
In this regard, highly electrochemically stable aprotic ionic liquids (ILs) are very appealing for SC applications in comparison with aqueous or ordinary organic electrolytes. In addition to a broad electrochemical stability window, ILs have non-flammable properties, high chemical and thermal stability and negligible vapor pressure. They are safer electrolytes for SCs compared to organic ones currently used in commercial devices. Among different ILs, 1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (PYR14TFSI) is popular due to its favorable electrochemical window (> 5.5 V on platinum) [1] and good molar ionic conductivity (0.54 S·cm 2 ·mol -1 ) [2] . In fact, there are several examples of SCs operating up to 3.5 V using this IL in combination with activated carbons, graphene, CNTs, etc. as electrode materials [3, 4] .
On the other hand, the capacitance of SCs has been improved by modifying and increasing specific surface area of carbon electrode materials, taking values of specific capacitance normalized by total active material mass from around 25 F·g -1 to a bit more than 100 F·g -1 [5] . These systems based mainly on electrostatic energy storage on porous carbon pores have an attractive simplicity, but still suffer from a relatively low energy density of an order of 5 Wh·kg -1 per cell, far from commercial batteries [5] .
Unlike carbon-based materials, pseudo-capacitive materials such as metal oxides can accumulate charge through fast, surface-confined Faradaic reactions. Their high theoretical charge storage capacity makes them excellent candidates for high capacitance electrodes [6] . MnO2 is probably the most promising of the metal oxides and has been extensively studied due to its low cost, high electrochemical activity, and environmentally benignity [7, 8] . Although most of these Faradaic reactions involve protons and hence require the use of aqueous electrolytes, MnO2 has been recently shown to be active in pure organic electrolytes or mixtures with ILs through insertion/deinsertion of ions between its layered structure [9] . However, as with other semiconductors, its intrinsic poor electrical conductivity (10 -5 to 10 -6 S·cm -1 ) limits its electrochemical performance. Overcoming this limitation is the main motivation behind exploring various MnO2-based composites with carbonaceous materials [7, 10] . While the role of the carbons support is to act as current collector, the synthetic routes used often lead to hybrid materials with enhanced electrochemical properties due to synergistic combination of its components [11] .
Among all carbonaceous materials, those that are self-standing percolated networks (e.g. CNT papers, Carbon fiber papers, etc.) are of particular interest. They can be directly used as conductive porous scaffolds, while also enabling their use in energy powering devices with augmented mechanical functions such as flexibility, stretch ability or even structural properties [12] . For instance, Zhang et al. electrodeposited MnO2 on Ni plated filter paper as flexible substrates and employed them as positive electrodes in asymmetric SCs based on PVA-Na2SO4 gel electrolyte, achieving a volumetric energy density of 0.78 mWh·cm -3 [13] . In another study, Wang et al.
electrodeposited MnO2 on carbon cloth as positive electrode and integrated with Fe2O3/PPy nanoarray negative electrodes also on carbon cloth, achieving 0.22 mWh·cm -3 energy density and a power density of 165.6 mW·cm -3 [14] . Although these results show the success in fabricating freestanding flexible hybrid electrodes, these electrodes still suffer from low mechanical robustness, as substrates/current collectors used cannot withstand significant mechanical stresses.
Furthermore, due to the large thickness of the carbon substrate in comparison with the metal oxide film and the fact that carbon does not participate or participates subordinately in charge storage, the volumetric energy and power densities are not satisfactory. More efficient development of MnOx-based pseudocapacitors requires utilizing a carbon scaffold with high mechanical strength, large surface area, high conductivity, lightweight, and at a low volume fraction relative to the active materials, hence leading to higher volumetric energy and power densities. Macroscopic fibers of carbon nanotubes (CNTf) combine these properties with high-performance mechanical properties and are thus ideal materials for electrodes in SCs and other multifunctional and structural devices [15] . Indeed, we have demonstrated the excellent combination of mechanical and electrochemical properties of CNTf, particularly when combined with pure ionic liquids [16] and polymer electrolytes [17] , leading for example to all-solid flexible electric double-layer capacitors stronger than copper. They are available as self-standing planar conductive porous electrodes onto which metal oxides and other materials can be readily deposited, which contrasts with the cumbersome preparation of conventional electrodes based on dispersions of carbon black, binders and active materials, that later need to be deposited onto metallic sheets of other current collectors and subjected to various annealing steps. CNT fibers fabrics were decorated by manganese dioxide nanoparticles through electrodeposition at a constant current density of 250 μA·cm MnO2 decorated CNT fibers were immersed in liquid nitrogen and were torn apart to make sure no bending occurs at the edges. Moreover, FEG S/TEM (Talos F200X, FEI) microscope was used to acquire TEM micrographs and elemental mapping. The samples were also examined by Raman spectroscopy using a JASCO NRS-5100 Laser Raman spectrometer equipped with green 532 nm laser. In addition, surface of the samples was analyzed by X-ray photoelectron spectroscopy (XPS) using a monochromatic Al Kα radiation with a voltage of 12 kV, an ion beam current of 6 mA, and energy resolution of 0.1 eV for high resolution spectra. N2 adsorption-desorption measurements were conducted using a Quadrasorb instrument preceded by a thermal pretreatment of samples at 150 C for 20 h.
Electrochemical Measurements in Half-cell Configuration.
The electrochemical performance of the samples was investigated by cyclic voltammetry (CV) in three-electrode configuration in different media including aqueous (1 M Na2SO4) and ionic liquid (1-butyl-3-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, abbreviated as PYR14TFSI, 99.5% pure, purchased from Solvionic, France). The samples were directly employed as self-standing working electrodes without using any current collectors. A Pt mesh was used as auxiliary electrode while Ag/AgCl and Ag spiral wire were employed as reference electrodes in aqueous and non-aqueous electrolytes, respectively. For non-aqueous media, the IL was taken from a glovebox (O2 content < 1.0 ppm and H2O < 0.1 ppm) and Ar purging was continued above the solution during the experiment. The capacitances of the samples were calculated by integration of the area under CV curves using the following equation:
Where Csp is specific capacitance (e.g. capacitance normalized by mass of the active material) based on F.g -1 , ∫ is the integral under the curve, m is the mass of active material (g), ν is the potential sweep rate (V·s -1 ), and ∆ is the working potential window (V). 
Fabrication and Evaluation of Symmetric
Where M is total mass of the active materials (CNTf and MnO2 deposit) in both electrodes (M = 2×m). In addition, real energy density (Ereal) and real power density (Preal) of the devices were estimated by integration of discharge profiles according to the following:
RESULTS AND DISCUSSION
The CNT fibers were fabricated by a high-throughput direct CVD spinning method and collected as a unidirectional fabric by winding the material on itself and densified through capillary forces upon exposure to acetone ( Figure S2 ). SEM micrograph shows that the fabric is composed of interconnected CNTs in the shape of fiber bundles ( Figure S3 ) that overlapped on each other forming a porous network with high specific surface area (SBET  270 m 2 ·g -1 ). The structure of CNT fibers (e.g. orientation and textural properties) was discussed in detail in our previous publications [16, 18, 19] . MnO2 decorated CNT fibers were prepared through constant current electrodeposition, as it is schematically shown in Scheme 1.
Scheme 1. Schematic illustration of MnO2 NPs electrodeposition on CNT fibers and their
anisotropic growth in prolonged deposition times. X-ray diffraction (XRD) was utilized to examine the composition of the samples and the results for bare CNT fibers (CNTf) and decorated CNT fibers with MnO2 are shown in Figure 3a . In comparison with the bare CNT fiber, two diffraction peaks clearly emerged after electrodeposition;
one sharp peak at a 2theta of 37° and a broad, low intense peak at around 66° (marked with #).
Relatively low signal-to-noise ratio and broad diffracted peaks suggest poor crystallinity of the oxide, however the pattern can be still well ascribed to hexagonal akhtenskite ɛ-MnO2 (JCPDS no.
00-030-0820) and is in good agreement with previous reports [23] [24] [25] [26] . Raman spectroscopy was also employed to further probe the formation of MnO2 on CNT fibers, as shown in Figure 3b .
Three sharp characteristic peaks of carbon nanotubes can be clearly seen in both samples. The G mode with E2g symmetry originates from in-plane bond-stretching motion of sp 2 C pairs and is centered at 1575 cm -1 , while D peak around 1345 cm -1 corresponds to a mode of A1g symmetry associated with defects and sp 3 bonding [27, 28] . The peak at 2673 cm -1 coincides with G' mode (also called 2D) and is a second-order two-phonon process [29] . Taking a more careful look at the spectra, it can be seen that ID/IG intensity ratio increased from 0.46 in bare CNT fibers to 0.60 in CNTf-Mn-60 sample. This is attributed to the formation of defects on the CNTs formed when they are interfaced with the MnO2 nuclei and which give an indication of the strong interaction between the two phases. In the sample decorated with MnO2 a peak at ~645 cm -1 attributed to Mn-O stretching vibration of MnO2 is also observed [25, 30, 31] . Figure 5a shows cyclic voltammograms at a scan rate of 50 mV·s -1 of CNTf/MnO2 hybrid samples with different metal oxide mass fraction. The graph also includes data for bare CNTf for reference, which is very low because of its hydrophobicity and the corresponding lack of aqueous electrolyte infiltration.
As it can be seen, a very well rectangular shape CV signal was obtained for all hybrid samples, as in ideal supercapacitors [38] . Moreover, the area under the CV curve is significantly increased in the case of decorated CNTf samples with MnO2 NPs in comparison with the pristine CNTf. This increase confirms the contribution of pseudocapacitance of MnO2 NPs. The specific capacitance was calculated by integration of CV curves and normalized either by the mass of MnO2 NPs or by the mass of whole electrode (CNTf + MnO2 deposit) (red and blue curves in Figure 5b , respectively). As it is seen, the total specific capacitance increased by increasing the deposition time, reaching a maximum capacitance of 87 F·g total −1 in CNTf-Mn-120 sample. It is worthy to mention that the specific capacitance values in literature for MnO2 ordinary electrodes usually do not include the weight of current collectors and necessary additives such as conducting agent and binder, resulting in very high specific capacitances which cannot be achieved in real devices after cell packing. This is not the case in these binder-and additive-free self-standing electrodes that do not need current collector. Considering only the mass of MnO2, the highest specific capacitance of 310 F·g In an attempt to boost the operating voltage of the final device, electrochemical behavior of the bare and modified CNTf was examined in PYR14TFSI ionic liquid, which provides a wide electrochemical stability window. In the case of pure CNTf ( Figure S6 ), cyclic voltammetry measurements in 3-electrode configuration at different scan rates resulted in well-defined butterfly-shaped voltammograms. This behavior is typical of quasi-metallic and highly graphitic carbons such as SWCNTs [39] [40] [41] , and arises from their quantum (chemical) capacitance [16, 42] . Figure 6a shows CV curves for CNTf-Mn-60 sample in pure PYR14TFSI electrolyte at various scan rates. Interestingly, the CVs are more rectangular in shape loosing most traces of the butterflyshape observed in pristine CNTf ( Figure S6 ). This is mainly attributed to the high contribution of MnO2 pseudocapacitance that thus makes the CNTf quantum capacitance negligible. In this respect, whereas the EDLC and quantum capacitance can be visualized as two elements in series, the pseudocapacitive contribution from the metal oxide would be in parallel with the total 21 capacitance of the CNTf and thus dominates in the CV measurement. Nevertheless, we anticipate that the presence of MnO2 NPs in close contact with the CNTf could have an effect on its quantum capacitance of the type observed with dopants, [43] [44] [45] charged impurities or functional groups. where C + is the electrolyte cation. The first reaction represents faradaic process on the surface of MnO2, whilst the second corresponds to intercalation of the cations in the bulk of the oxide [43, 44] . Ionic intercalation can be ruled out on account of the much larger Pyr14 + cation size relative to the octahedral interstitials in ɛ-MnO2 (Figure 6c) . Linear relationship of the average current against square root of scan rate (Iavg. vs. ν 1/2 ) confirms mass transport controlled of the reaction, probably due to diffusion of the IL cation to the surface of MnO2 ( Figure S8 ) [45] . However, it should be also mentioned that the charge storage mechanism for MnO2 in ILs might be affected by the crystal water which usually exists in MnO2 lattice [46] [47] [48] . Further investigations are ongoing in order to shed more light on MnO2 charge storage mechanism in ILs.
Galvanostatic charge-discharge (GCD) experiments were also conducted at various specific and discharge cycles at different current densities. Figure S9e shows cycling profile of the device at a current density of 2 A·g -1 over 1250 cycles. As is seen, the capacitance increases during first 20 cycles and later decreases slightly, showing excellent cycling stability and Coulombic efficiency with almost no capacitance fading. Gradual capacitance increase specially at lower current densities has been previously seen and reported for metal oxide electrodes and their composites with carbon [49] [50] [51] . This increase in capacitance is ascribed to the electrochemical or structural activation caused by pore opening during charge-discharge cycles. Moreover, cycling performance of the device was further evaluated at a current density as high as 4 A·g -1 over 6000 cycles and the outcome has been displayed in Figure 7d . It can be seen that the device could retain around 90% of its initial capacitance after 6000 cycles, revealing promising performance stability of the CNTf-MnO2-60//CNTf-MnO2-60 symmetric supercapacitors at high current densities.
Furthermore, SEM imaging of the sample after cycling ( Figure S10 ) demonstrated that the morphology of the MnO2 NPs remained almost unchanged during consecutive charge-discharge cycles, revealing excellent stability of the sample. (including electrodes, electrolyte, current collectors,) was recommended as more realistic parameter to assess the real potential of an active material [52] . Hence, we also calculated the real volumetric energy density and real volumetric power density of the full cell (including CNTf, MnO2 deposit, and the polymer membrane), resulting in a high value of 1.7 mWh·cm -3 (max energy of 2.1 mWh·cm -3 ) and 245 mW·cm -3 (max power of 430 mW·cm -3 ), respectively. Table 1 summarizes the energy and power characteristics of recent flexible solid state supercapacitors based on MnO2 as active electrode material. As it is seen, the achieved energy and power with our CNTf-MnO2//CNTf-MnO2 solid state supercapacitors are superior or comparable (but yet much easier fabricated in comparison with multi-step preparation route used in reference [54] or [55] in which a metallic alloy has been used as the current collector). The excellent performance of CNTf- Thus, this study demonstrates an effective and facile method in the fabrication of free-standing high dense MnO2/carbon nanotube fiber lightweight films as electrode of energy storage devices for practical applications.
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